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THE 1965 ARPA-AEC JOINT LIGHTNING STUDY AT LS AIAMOS
VOLWE II
THE LIGHINING SFEC(RUM AS MEASURED BY COLLIMATED DETECTORS,

ATMOSPHERIC TRANSMISSIOR. SFECTRAL INTENSITY RADIATED.

Guy E. Barasch

' ABSTRACT
Collimated 50°-fie1d photometers were operated during the 1965
lightning study to cbtain data for an amalysis of the production of
false alarms in air-fluorescence nuclear-explosion detection systems.
Detectors were employed in spectral regions useful for air-fluorescence
- detections 3914 A (" 1N (0,0)] and 8900 X [fe 1P (1,0)), both of
which are-:continu\m channels for lightning; and at wavelengths useful
for lightning discrimination: 4140 A [comtimmw], 6563 A [Ey), am
8220 A [NI (2)]. Results from ~ 870 pulses in 58 flsshes, all of which
had visible, discrete channels, are presented in terms of source spec-
tral intensities at 3914 A (W sr™2 A°2) and as ratios of the spectral
intensities in other wavelength regions to that at 3914 X. Distances
to the channels, ranging from 3 to 80 xm, vere measured using a photo-
graphic triangulation system, and appropric‘e inverse-square-law and
atmosyieric-transmission corrections were made.

\

~ Observations #ere made on all types of lightning phenomemm: lesd.
ers, return strokes, and inter- and intra-cloud processes.i :The most probe
able spectral intensity at 3914 K for 211 these puises 1s 10% W sr™) iy
values range from 3 X 102 to 107 W sr”™2 }°), Average sprctrel intensi-
ties relative to 3914 A are: 4140 K, 1,2 + 0.5; 6563 A, 2,1 % 0,8;
8220 1, 4.8 £ 2,8; and 8900 A, 0.8 £ 04, In first return strokes, the
three longest-wavelength signals decrease relative to the 391keh sigml
by a factor of 1.5 to 3,

I. INTRODUCTION false alurms in nuclear-explosion-detection systems

This 1= the second of two reports on the opti- that rely on optical detection of the burst of air

cal emission characteristics of lightning, investi- fluorescence excited directly or imdirectly by an
gated at Los Alamos during the sumer of 1965. Be- explosinn, a lightning study was conducted to find
cause lightning pulses are capable of producing optimm methods to discrimimate against such folse



alarms, A number of types of opticel detsotors

were operated with strict timing coordination to
obtain different kirds ol' spectrel information,
Collimated photameters obvained time-resolved sige
nals vhich were recorded cuntimuously by ocscillo-

A slit-
less spectrogreph ves used t» investigate the return-
stroke spectrum, for which results ere given by
Connor?® in the first report of this series, All-sky
photometers, identical to the cnes designed for the
los Alamos Air Fluorescence Detzction System

{ LAAFIB),2 were operated by EGEC to measure the
lightning spectrum as seen by the LAAFIS; prelimi.
nary results were reported by Amato,? All mewsure-
ments have been reduced by invarse.nquare.lav amd
atmospheric-transmission correcticrs to give source
characteristics, using source.to.dstector distances
measured with e photographic triangulation system,
Remotely operated, time-coordinated cam:ras recorded
images of the optical channel of e lightuing flash
simultaneously from three separated stations.#*
Parallax meesursd from pairs of photograpls of each
channel, together with measurements of known lard-
marks, wvas used to calculate the slant distence. to
points on the cuannels, An average projected base-
line of 650 m between pairs of stations resul'ed in
estimated errors of * 5% at a distance of 20 ki emd
4 25% at 80 km.*

scope cameres; results sre aported here.

Krider hae reported photoelectric measurements
of lightning made with collimated detectors, with
both narrow spectral passbends® and broadberd.® lia
was interested in the times at which radistion from
the various molecular and atomic species reached its
peak,4 anmd in the advance rate of the return-stroke
streamers;> ra gave no relative strengths of the de.
tected signals es ¢ function of wavelength,

Subsequent reports will contain the applice-
tions of the results of the optical-emission meas-
urements reported here ami elsewhere,l’3 vVolume
III will contain a derivation of the propegation
characteristics of lightning-produced signels by
which light is scattered into an ell-sky detector.
An aggregate of collimated-detector relative emd
absolute spectral data is required for camparison
with similar all.gky detector results to obtain

# Qperated by EG&G, Inc.; date anaiyzed by LASL,

i

the scattering paramsters, Volume IV will treat
discrimination against lightning by nuclear-explo-
sion air-fluorescence detection systems, aml re- :
quires the distribution functions of source charac-

teristics presented in this report, 5

II. DBTRWENRTATION AND CALIBRATION

Five "collimated" photometers with parsllel,
eirenlar, 50° fields of view were used during eech
lightning storm, The term "collimated" is derived
from the collimation of light by lenses before it
passes through interference filters. The center of
the common field of view vas epproximately parellel
to that of the slitless spectrograph® et ell times.
In uss, the spectrograph andl photometers were point.
ed toward the greatest lightning ectivity; hence,
for ~ 60% of the recorded flashes, the sctual light-
ning source amd the majority of the light scettered
fram it by clouds were within the photometers’ field
of view.

o

A, _Instrumentation

A block diagram of & typical collimated.photom.
eter recording chanrel is shown in Fig. 1. Signals
from the photometer were amplified, conducted to
the recording station, displayed on oscilloscopes,
and recorded on 35.mm film, Logarithmic-response

NARSGW-FIELD PHOTOMETER

LIGHT=—>

RECOROING STATION
OSCILLOSCOPE CONTINUOUS H
[ CONTINUOUS | s
bo-msec SWEEPS CAMERA ;
TRIGIER PULSE i
TRIGOER
—r] "5 H—> "OR COORDINATION
OF RECORDS §
DELAY LOCAL THGGER §
LINE i
03CILLOSCO AUTOMATICALLY~ '
TRIGSERED en ADVANCED
1~mess SWELP || FRAMING i
CANERA H

Fig. 1. ‘ypical collimated-photometer recording
clannel, The observatory emd recording

station were 150 ft epart,
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Fig. 2, Collimated.photometer optics,

the interference filter.

amplifiers were used to permit the compression of
several decades of useful data onto each recording;
two oscilloscope beams were used rfor each photor-
eter output as shown in Fig. 1.

The optical comporents of the photometer are
shown in Fig. 2, Collimetion of the incident light,

and definition of the field of view, are sccome
plished by the four lenses and aperture, which fom
a telescope with a demagnification of 5, Light
rays incident on the cbjective lens at angles < 25°
off-8xis leave the collimating lens and pass through
the interference filter at angles < 5° from the

Table I,
Channel — Filtere.peak Bandwidth
'.~lnvekength Wavelangth Half Max

(A b

3914 3018 23
L1ko L2 18
6563 6565 16
&e20 820 T
€900 8500 65

The telescope limits incidence angles of light ray: at

normal, This collimetion serves to imit both the
wavelength shift and brosdening of the spectrsl
pessband to less than 5 k.

Interference-filter peak wavelengths are given
in Teble I. The aversge shift of the photometer
passbanl from the filter passband due to cblique

rays is -3 } and thus 13 & smell fraciion of the
bandwidth, Appropriate biocking filters were used,

The logarithmic-response amplifiere used Phil-
brick, Inc., operatiomml-.amplifier modules., The

Interference Filters Used in the Collimated Photometers.

Stronger
Maximum Spectral Excitation
Transmittance Feature ing
0.2 N2 18(0,0) Adr
Fluorescenrn
o.ko NI (6) Lightning
0.64 He, Lightning
0,71 NI (2) Lightning
0.55 ¥ 1P{1,0) Adr
Fluorescence



autput, E (V), to s current pulse, 1 (A), was, to @
good appreximation,

’

E - 3010810(-%;"1)

vhere Eo is a constant amd Ib !s the direct current
fiowing before the pulse, The actual output, E, as
e function of I/I for one of the amplifiers used is
shown in Pig, 3,

Continuous recordings of the output of each
photamater vere made on moving £1lm ueing a "rester"
display of recurrent l0-mse: oscilloscops sweeps.,
This technique baa been used by previous investi.
gators of lightning® in order to record vith 1else
tively good resolution throughout the total durs.
tion of a lightning flash, vhich can be > 1.5 sec,
Sigmls from two channels, adjusted to deflect in
opposite directions, vere recoried simultansously
by each duml-beam-oscilloscope camera, A typical
peir of contimuously recorded 1ightning signals
is shown in Pig, 4,

S—Iv'xrf[|ﬁf|l

AMPLIFIER OUTPUT, VOLTS
L
T

o ll ll,l;l;l;];lll L
) 2 o 28 22 8 32 ©

RATIO OF PEAK INPUT CURRENT TO
BACKGROUND INPUT CURRENT

Fig. 3. Typical logaritimic.amplifier response
curve, The input aust be expressed as a
ratio because of the logaritlmic behavior,

104

|

The output sigmal fram each collimated-detector
channel was &lso recordsd on a lemsec-durétion sine
gle sween that was triggered by a “coordinated.
trigger pulse,” provided simultaneously to all the
recording stations by the colliated detectors. The
coordinated.trigger puisz wvas used st all recording
stations to impress time marks by which simultaneous
records could subsequently be correlated. Only a
few of the collimsted.photameter, singlc sweep re-
cordings Lhave been reduced; they will be reported
elsevhere,

B, Photometer Calibrations

Absolute calibration of each of the photameters
was perfarmed by W. Gould immediately after the 1965
operation, Three sets of measurementc were wade for
each photameter,

1. A tungaten primary-standard lsmp which pro-
duced & known spectral irredisnce at & given dis-
tance was used in conjunction with a mechanical
shutter, operated at 1/500 sec, to obtain one point
on a curve of spectral sensitivity, Sv(ko), vs mul-
tiplier voltage, V, for each photomater, The value
of the spectral irrediance, H (Ao} (W em 2 7Y, at
the peak transmission wavelength, Ao, of th. incer-
ference filter, was used to caiculatc the average
sensitivity, Sy(Ao) [A/(W ca™@ }°%)], as follows:

sv(ko}' - Ic Hc(Xo) ’

where Ic is the current produced by the calibration
pulse,

2, Relative sensitivities, sv(xo), defined
above, vere determined fo: sll the operating volt-
ages, V, by using a xenon rlash continuum source.
They wers related to the one absoluts.response
measurement made using the shuttered-tungsten source,
giving a series of absolute pulse sersitivities for
the multiplier voltages used.

3. A fatigue effect wves found in seversl of
the photometers at high beckground-light levels that
depressed the sepsitivities below their zero.back-
ground values, The factors by which the sensitivi-
ties vere depressed vere measured as a function of
de photameter output using the aoparatus shown in
Fig. 5. A uniform background over the 50° field aof

s
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Time increases 39144 65638 —
g Irradiance (W cm %A 1)

8 -9 10 Il =it <10 -9

10 msec/sweep 0710710 107 10710 I%O

{1

iR
s 111 i ’ . | , ‘
41 ' 1 "\,
d)- (c) (c) (c) (d) {e)
Fig. 4. Typical continuously recorded collimated.photometer incident irradiances fram stom kb,
flash 18 (9/7/65, 2212 MDT), & ground flash at 27.4-km distance, vith two separate
vertical channels, This reproduction represents a 400-msec segment of the flash, vhich
1ngted about 1 sec, Two simultansous l0.msec sweeps rup from top to bottom of the pho-
tograph; then repeat displeced to the right, The callouts are as follows:

(a) A typical stepped-icader signature,

{b) The first return stroke, also the irigger pulse, which o:curred 9 msec after the
optical onsut of the stepped leader,

{c) Subsequent return strokes, Some are preceded within 1 to 2 ms2¢ by dart.leader
signatures, The one marked (c)/ may be & "first" return stroxe associated with
the second of the two observed vertical chanmels,

(d) Intracloud-process pulses, associated with streamers to new charge concentrations
within the cloud.

(e) A complicated 1ight pulse, probably producea by a relativély short-lived conti-.uing
current,
{(f) This record is followed after ~ 150 msec by more puise activity,

I000-WATT ﬂrrusen
TUNGSTEN LAMP . COLLIMATING

CYLINDRICAL LENS \\(
FLASH LAMP / |
N\ é N
- / \ka'GNED%FCAL-Lm/n
N.O. FILTER FLAGEY TLoie /
/ v
\‘

Fig. 5. Calibration apparatus for measurement of fatigue effects. The 10C0-Y lamps amd diffusers
produce a uniform background illumination, The cylindrical-lens image of the flash lamp
gimulates a lightning stroke in the center of the field of view,

PHOTOMETER
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view sas produced by brightly illiminated diffuse the detector by lightning, averaged over the inter-
scatterers, /. lightning flash vas simulated in the ference-filter spectral-passband trsnsmission curve,
center ¢f the field of view by & cylindrical-lens T(\, o) ; 1.a., -

imege of the flash-lamp pulse. Curves of relative [, B T N0} ax

sensitivity as a function of background current H\g) = - = .

were cbtained for all fatigue situations, anl a set j‘o m(x,\o) &\

of such curves is shown in Fig. 6. There was no
nonlincaraty of output for any of the detectors at

ary of the voltages or background lc vels within the
renge of curronts used, The contimuous recordings of the collinated-

photometer sigmals were reduced using photomeier and
electricalesystem cealibrations to give incident peak
spectral irradiances (W cz™® 1”1} for each chanmel,

I1I1I, DATA REDIXCTION

1.0

Q9
Peak sigmals were measured tor each of the pulses

recorded during lightning flashes selected on the
basis of knowledg: of distance to the chanrel and
the availability of comparison data from other nen-
sors, The results were (a) spectral irrad’ance at
each photometer entrance pupil for each pulse, and
(b) ratios of these values to the spectral irradi-
ance in the 391k-} channel. Each pulse was identi-
fied by a nurber representing the time (msec) at
which the pulsa occurred after the coordirated-
trigger pulse for that flash., In:ident spectral
irradiances, calculated from the sigrals shown in
Fig. 4, are given in Table II.

o8

(+ ¥4

0%

Q4

RELATIVE SENSITIVITY

Table II. Incident Peak Spectrsl Irradiances for
Pulses Shown in Fig. b

Spectral Spectrel

Irradiance Irradiance
Time, Figure & 391k 1, 6563 1},
msec Reference Wem 2 }°2 Wem2 }"2

nzOL 1 \

02 &4 o6 o8 1.0 =009 (a) 2,0x 1008 7,8x 107w
BACKGROUND CURRENT, 167 A 000 () L1x 10779 5.7 x 10720
040 (c) 1.3 x 10" 4,8 x 10720
- 1,1 x 1073 } 9 x 10"
(a) 2.1x 10712 1,3 x10°12

Fig. 6. Changes in sensitivity of 6563-} collima. 060
077
095 (c) 1.6 x 10°3% 1,1 x 107
096
125

ted photameter produced by background
illunipatio .

(c) 6.h x 10722 4,3 ¢ 10732
(c) 2,5 % 10712 1,4 x 1570
126 (c) 1.2 x 20731 §,6 x 10722
1 (a) L,ox 10 1,9 x 20712
168 (e}’ 9.7 X 10731 €.2 x 10730

The lightning-produced irradiances, H(\o),
quoted in the data reduction wcre calculated by

Hho) = IS;(o)

vwhare I 1s the pulse cwrrent measured during the

experiment for the photometer channel centered on Results from the collimated photameters for
Ao. It c&n be shown? tiat, to & good approximation, sbout 1200 pulses from iightnim flashes which oce
E(Ao) is the spectral irradiance, H(A), produced &t  curred during four storms have been reduced. Fifty-

]
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eight of the flashes had bright channels to which
the distances vere determinec, either by the photo-
graphic triangulation system or, in .. few cases, by
noting the time between flash and timrder, A few
of the flashes were intracloud or ground flasles to
which distance was not measured, They were used to
increase the sample of data in several areas, as is
discusses in detail in Section IV, For the flashes
of known distance, in which all discernable pulsea
were reduced, the average number of pilses was 15;
a fevw flashes consisted of one pulse; and for one,
a total of U7 pulses were reduced,

To determine lightning source characteristics,
corrections for modifications of the sigmals pro-
duced by distance and by the intervening atwosphere
must be made, The distance dependence of the opti-
cal signals can be predicted to a first approxi-
metion Ly the inverse-square lawi the irradiance,
B(x) (v em™2), measured at diatance x ‘km) fram the
sowce, is related to the source intensity
I (v sr"}), neglecting atmospheric effects, by
I n 1030 x2 ji(x), The factor of 1039 45 required
to campersate for different units of length in x
and H(x). The intensity I is a source character-
istic that is independent of source-to-detector
distance when corrections for atwmospheric affects
are rade,

Sigmal modificaticns are produced in the at-
mosphere Ly scattering from comstituenta that give
dispersive (i.e., vavelengthedependent) o> nondis.
persive e fects, Dispersive scattering is produced
by molecules (Fayleigh scattering) and merceols
(Mie sceiter:ng), which for a given detector loca-
tion are arproximately uniformly distriouted and
cannot change their diatributions rapidly. Nondis-
persive scattering is ceused bv atmospheric con-
stituents with large particles, viz,, rain anmd fog,
vhich by their mature ure highly varisble in dis-
tribution as a function of space and time,

The effect on a Leam of light of wavelength
A (1) propagating along a path, s, in a scattering
medium with an extinction coefficient, u(s,\,t)
(xn"1), that may deperd or. coordinates, vavelength,
and time, can be written as

FA(S) = FO(U exp ['{U(slk:t) d’] ’

where: Fo(A) 1s the flux (W) at wvavelength A which
leaves the aocurce in the direction of the detector’s
entrance pupil; the integral is a line integral over
mth s (km); and ?}‘(s) in the flux that reaches the
end of the path, For the dispersive component of
the atmosphere ihe extineiion coefficient, ud(x),

18 not a functi%n of apace or time, to a good ap-
proximation, The flux at distance x can then Le
written Fk(x) = Fo(h) exp [-@(A)x]}. The nondis-
persive camponent of the ~Licarlere, however, will
have an extinction enefiicient, “n‘x(s't)’ which,
vwhile it does not depend on wavelength, will depend
un spatinl cooriimtes and time, Without precise
knowledge of this dependence, the line integral
given above cannut be evalumted,

This decivation assunes that the scattering

is single, and thav it is purely a loss mechanism,
50 that no light is scattered into the detector’a
entrance pupil., It applies, therefore, to ¢ marrovw-
field detector pointed directly toward the source,
It is also an adequate first-order approximation to
the case of the collimated detectors, which had a
50° £1eld of view; modufications which are produced
by light ccattered into the field of view will be
dircussed in a later volume,

Iffects of the two typ=s of scattering on the
collimated.detectar lightning data were determined
on the basis of the single-acattering, marrov-field.
detector model by separate, empirical techniques,
as follows,

A, Disperaive Scattering

The average extinction ccefficients, ud().),
yroduced by the dispersive components of the atmoe-
phers were cbtained in two steps, It wea found
that one set of extinction coefficients gave a good
it to all *he data, and that therefore the asaump-
tion of a homogeneous, time-independent, dispersive
stmospheric compunent was justified,

First, the difference between i dO‘) at A =
3914 i and A = 6565 } was cbtained empirically by
a derivation of the value that gave the besty fit to
all the data, Valuss of the ratio of the incident
spectral irradiances at 6563 and 391k } vs source-
to-detector distances, x, were plotted on a semilog
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Fig, 7. Diatance dependence of incident 6563-
average of all pulse ratios ovserved
is TATIO = 2,1 exp{0,031 » DTTANCE),

A/3914.1 spectral-irrediance ratio. Each point is

for a singls flash. The equation af the stre
giving an average ratio of 2,1 at the souroce

ight
and

the
line

difference . extincvion coe

.ficienta of 0,031 km"3,

scale, as shown in Pig, 7. The 3lops of the bes:
straight-line £it to the pointi then gives 4 »
Ha(391k D) = 1, (6503 &) = 0,03.. km™?; the 1ntercept
at x = 0 is the average value of the spectral-irra.
dianne retio which would be neas.red at the sowce
(siven in Section IV).

The second ctep 1in the determimation aof the
ud'.’h) fi1s the difference given by the first step
to tabulaved values of typlesi extinction coeffi.
ciene of atmospheric comatituents. Conbined aver.
age winss of atmospheric molacular and serosol
extinciion roefficients are given in the "Handbook
of Geophysics and Space Enviromments,"® a5 a func.
tion of wavelsngth and altitude, An altitude of
4 xm produces “he difference betw :n extinetion
i/ “flclents at 91k aml 6563 X unich best ugrees
vith the emyirical difference given above, Extinc.
tion coeffizients udm corresponding to the tabu.
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lated data for that altitule are plotted vs vave-
length in Fig. 8. Shown for comparison is the come
ponent produced by Rayleigh scattering alome,

B, DNondisparsive Scattering

As mentioned previously, the atmospheric corne
stitvents that cause nondispersive scattering are
réin amd fog, vith much more variable effects than
the dispersive constituents discussed above, Hence,
the assumption of 8 uniform, time-independent, ex-
tinction coeffieient, LY vhich is applicadble to
all storms is not Justified, Corrections could be
made for the effects o rain if measuremants of the
rainfall rate had been made all aloug each lightnings
to-detector Ath, s slearly impractical approach dus
to the unpredictabls location of lightniag channels.

Mothods exist, but were not used, for pribing the
atmosphere from one location with optical radar to
neasure scattering and extinction coefficients on
linssr paths through that location,® 29 In lieu of
data giving umambiguous values of atmospheris trans-
mission, an empiricel method has been used to minie
mize the depenience of the reduced data on nondis-
persive satmospheric constituents.

Since the nondispersive scatterers affect all
spectral channels equally, only sbsolute pigml mage
nitudes can be an effective probe of the extinction
coefficient, Figure $ 18 & plot of the sbsolute
spectral intersity at 3914 ), corrected for inverse-
square 1av and for dispersive scattering, ve dis-
tance to the source, Each point is the aversge in-
tensity of all rulses T one fTlash, vhere the

6
10 | 1 I T - r '
-]
3914A
5 A -
T lO -
°_< “ A STORM NUMBERS: €34 @ :40
\ A As38 44
A
= al -
. 10 “
- A
»n o0 ¢
s | %
S 10’} 0 " o o** o
—] ‘. ahn [
»
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-
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8ot .
N
0 16 20 30 40 50 60 70 80
DISTANCE, km

Fig. 9. Distance dependence of 391h-l spectral intersity. Each point is the aversge (see text) of all

peak spectrzl intorsities for a single flash,

is obvious,

The uncorrected effect of nondispersive scattering
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¥ig. 10, Distance dependence of }911&-1 spectral intensity. Data sre the same as in Fig. 9, dbut carrected
for nondispersive scattering by vse of the modsl discussed in the text, The improvement in

consistepzy is clear,

aversge vas determined from the meen of tha loga-
rithns of the intensitiss, It is clear that points
within esch storm tend to scatter by a factor of
abov%; 10, while comparisons among the storms show
differences of more than a factor of 100, Since
there is no resson to assuae that these storms all
had quantitatively different lightning, it is as-
sumed tiat the differences are produced mainly by
atmospheric effects not yet included in the reduc-
tions,

A type of correction, suggested by Fig. 9,
that serves to bring the data into better agree-
ment, predicates thet the atmospheric-transmission
correction is the same for all flaches in any given
storm, An "extinction factor,” by vhich all inten
sities must be multiplied, is derived for each
stora by requiring that the average intensitiss for
all storms be equal. The following extinction fac-
tors were cbtained from the data plotted in Fig, 9
atorm 36, 27; stam 36, 1.0 (this storm is used as
a standard); storm 4O, 16; and storm bb, 90, The

2

data corrected by these factors are plotted in
Fig. 10, vhich shows the improvement in data cone
sistency.

This correction accounts only for atmosph~-ic
extinction between starm amd detector and cannot
accowt for the varistions of atmospheric trans-
mission vithin the storm that produce art of the
remaining point scatter in Fig, 10, Furthermore,
the data available 4o not sdmit of & more refinsd
treatment,; since no measurementa of extinction
coefficients or of data pertaining to them vere
made, The absolute-intemsity distridution function,
to be derived from the data corrected for nondise
persive scattering on the basis of the ons-parameter.
pere-storm model, therefore representa actual light.
ning pulse-heisht variations, without correction
for rain aml fog vithin a storm, The false-slarm
amlysis (Volume IV of this series) will not re.
Quire that these effecta be sepa“ated.

To sumarize, the data are reduced to source
charsataristics by correotions for (a) ijuverse.

A
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Square law, to g!ve intensities radisted by the
source; (b) dispersive scattering, detarmined empir-
ically from the incident relative-irrediance data;
and (c) nomdispersnive Scattering, determined empir.
icelly from the absolute-inteisity data,

IV, RESULIS

The optical deta have been used to derive
source characteristics and their variations, The
3914} spectralintensity distribution function is
given, end other results are presented only as spec-
tral intensity relative to 3914 }, for the following
reason, The absolute«intansity distribution func
tion at 3914 k spans several powers of 10 in inter.
8ity, es do thoge at other wevelengths, oving to the
mAny types of lightning phencmsna representad,

There is much less yulse-to-pulse variation of the
other irtensities relative to that at 3914 }; there.
fore, variations among absolute.intensity distrib.
ution functions would cover but a smajl fraction of
the renge of intensity values of the 39ik-} dis-
tribution fnction, If required, <he ebsolute-in
tensity distrihution function for any of the spec
tral channe's can be derived fr-a the 3914} soso-
lute-intensity distribution function end the corres
sponding relative-intensity distribution function,
Furtherr xre, the false-alarm-rate amalysis to be
presented in Volume IV of this series requires the
functions given here,

A. Spectral Intensity at 391k i

Figure 11 is a plot of tie distributio- fune-
tion of source spectrel intensities et 3914 L. As
discussed in the previocus section, this distribution
represents that of ell pulses produced by a light
ning storm, without correction for rain or fog withe
in the storm, Effects of extinction by the etmos-
phere outside the storm have been removed,

The most probable spectral intersity at 3914 }
is ~ 10%* W sr™! }°3, Because optical pulses fram
all types of lightning phenamema, viz, leaders, re-
turn strokes, and intracloud processes, were used in
the derivation of the distribution, there is e lerge
spread of the spect~il intensities, more than a fac-
tor of 10 at the helf-maxims points,

ar- =
3ol

(-1 {28 -4

=4

[
L

L

dF/7d(logI)
$
1
|

1 H : 1 i
0} 04 0® ©0* 0!
SPECTRAL INTENSITY I, w or' &7

Fig. 11. Distribution function, aF/d(logl), for
391keh spectral intensities, I. iog-
arithms are to base 10, Fraction of
Pulses vith intensities between I,

log In
ad I2 15 AF = [
log I3 d4(log I)

d(1log 1),

B, Spectral Intersitiss Relative to 3914 i

Average values of spectral intensities meas-
ured et 4140, 6563, &220, end 8900 }, relative to
3914 , ere given in Table IIT, The mmbers of
pulses vhich the averages represent are different
because not all detectors were in operation at any
one time, The averages given for "all pulses" repe
resent the average pulse a lightning flash produces.
Pulses which can be attributed to first return
strokes on the basis of the continuous recordings
have beer isvlated in & manner similar to the data
reduction of the slitless spectra,® aml average rel-
ative epectral intensities are reported separately
in the table,

We found tha*, there were t0o few data with
accurately measured distances in four of the entries
listed in Table TIT (see notes c and 1), Muee of
these entries are for first return strokes, which
represent only 5% of ell pulses reduced, amd the
fourth 1o et 8900 | where the detector sensitivity
was poar. We approximately doubled the sample in
these entries by incorporating data for which dige
tances had not been measured, using techniques that
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Teble ITI, Relative Spectrsl Intensities Produced by Lightning

Havelength
4140 6563 & fe2o L 8900 &

Spactral Feature 2%"8 _'L b

Lightping® + C,NI (6) (i 1 N1(2) c

Air fiucrescence Nz 1N (0,0) %2P(3,7) RelP(7,4) NI(2) N1P(1,0)
ALl pulses 1 1.2 £ 0,5 2,1%08 4,84%2,8 0.8 + 0,b

Samples /starms - hog/e &2/ Lée/3 891°
First return stroies 1 1.0 0,2 1,2+ 0,3 1.,5% 0,6 0.5 £ 0,2

Sampler, /s torms - /4 26/ 30/3¢ a1/1c

Notes: a, C = contimum,

b, Slitless spectra show continmuum to be present throughout thg visible spectrum, pro-
ducing the main contribution to signals at 3914 and 4140 },

¢, To increase data sample,same data have been used for vhich distances vere estimated,

See text,

d., To increase data sample,some data fram A pear storm have been used without correction
for distance, Estimated error in 4140-1/3914.} ratio ic small, See text.

minimized any errors so introduced, First, at

b140 }, first-return-stroke data from a storm that
vas localized near (1i.e., < 20 Jmn fram) the detectors
were added without benefit of atmospheric-transmise
slon correction, The average error introduced in
the 4140-1/3914.} spectral-intensity ratio is < 10%,
owing to the small separation in wavelength, Second,
for the infrared channels, data were taken Jrom
flashes with many pulses, for vhich distances were
estimated empirically, e- follovs, The average ine
cident spectraleirradiance ratio, 6563 K/3914 §, for
all pulses in the flash wvas used as an ordinate in
Fig, 7, amd the straight line was used to determine
the corresponding distance on the abscissa, For e
flagh with 10 pulses, the provability is 50% that
the distance so estimated is within z 4 km, The
average error in the rclative infrared-intensity
values derived using these estimated distances is

+ 20%,

Several conclusions can be cbtained or substane
tiated on the tasis of the data in Table IIJ,

(1) The large values of relative spectral in-
tensity at €563 ant 8220 } are mroduced by stron,
excitation, in the average lightning pulse, of the
species Hi anmd NI, respectively. This behaviwr was
also cbserved in the visible in the slitlass spe~-
tra,?

(2) The small value of the relative 8500-1
spectral intensity shows the absence of a strongly.

L

excited atamic-line or molecular-band feature aml
only a weak contimuum in the infrared,

(3) The firsi-reiurn-stroke data shov a dea
erease of all rud and infrared channels for first
return gtrckes when compared with other pulses, We
interpret the decreases as manifestations £ two
effects cbserved in the slitless spectra xf first
retwrn strokess the decrease of HI amd NI fea-
tures relative to the continmuum, amd the increase of
the blue contimum relative to the red. The hlho.}/
3914} spectral-intemsity retio s expe..ed to be
relatively unchanged when first return strokes are
compared to0 other pulses, because both channels see
primarily contimwun and there is little soparation
in vavelength between them, The 4140-1 data cleardy
atiributable t~ Zirst return strokes are insuffi.
clent to substantiate or invalidate this conclusion.

Histograms of the spactral ‘ntensities at

kibo, 6563, €220, amd 8900 }, relative to 391k i,
are given in Figs. 12 through 15, respectively,
8ince these histograms are to represent the overall
behavior of the warious spectral regilone in light-
ning, tne data fram which they sre derived repre-
sent all types of lightning phenomens, i.e. all
pulses,

For the histograms of the 4140- amd 6563.}
relative intensities the most probable ratio agrees
well with the average ratio. ™is signifies that
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Fig, 12. Histogram of 4140-1/391k.} spectral-inten-
sity reatio. No pulse hac ratio £ 0,1,
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FRACTION OF PULSES IN RATIO INTERVAL 0.2

I i 1 1 1 1 i i 1

% ] 2 3 ] 5
SPECTRAL INTENSITY RATIO

Fic. 13. Histogram of 6563-A/3914-} apectral-inten-
sity retio, No pulse has ratio < 0.1,

the histograms are approximately symmetric about the
most probable ratio, This symmatry does not exist

in the ceae of the £220-} reiative-intensity histo-
gram, vhich 18 more heavily weighted by large values
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Fig., 14, Histogram of 8220-}/3914-} spectrel-inten.
sity ratio, Most probable ratio, ~ 3,
differs from average ratlo, 4.E, owing to
relatively large mmbers of retics > 8,

See text.
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Fig. 15. Histogram of £900-1/391k-} spactral- inten-
sity ratio,
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of the intensity ratio. The asymmetry may be real
if the large values are produced by enhanced excit.
ation of the NI(2) feature at €220 } relative to
3914 L, e expect large variations of sigmals in
the 8220-} channel because of the different excit-
etion mechanisms of the NI(2) atamic line for the
maty types of pulses and the lack of a strong con-
timnm,. However, the asymmetry may be the reswlt
of un experimental problem caused by the lack of
gensitivity of the infrared detectors.

Because il may be of interest in future studies
of discrimimmtion against lightning involving detec-
tion systems that are sengsitive wholly within the
infrared, we have compared the 8220- and 8900-} data
with each other. No correction for distance depend-
ence of the 8220.1/8900.1 ratio vas made because of
the small predicted difference in extinction coeffi.
cients anl the relative uncertainty as to hov well
the atmospheric extinction model can be extended
into the infrared. For 89 pulses fram one storm,
including mll phenamena, the average &220-1/8900-A
spectral-intersity ratio vas 4.8 + 2,65 for 21 first
return strokes it wvas 3.1 = 0.9, The difference re-
flects the lower excitation of the NI(2) (&220.})
feature in first return strokes relative to the av.
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Fig. 16, Histogram of £220-1/6900.% spectral-inten-

sity ratio., Data rot corrected for atmos-
pheric extinction, BSee text.

16

erage pulse, A histogran of the all-pulse values

18 shovn in Pig. 16, As in the case of the §220-A/
391k-i ratio, the spread of values is large, for the
aane reasnns,

The distribution functions for the spectrel-
intensi‘ies at 4140, 6563, 8220, anmd €300 A, rela-
tive to ;914 }, given in the histograms of Figs. 12
through 15, are shown in another form in Fig. 17.

A similar dista ‘bution function for the 8220-}/8500.%
data is given in Fig, 15, The probebilily that the
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Fig., 17, Distribution functions of spectral inten-
sities st 4140, Gi&, 820, and 8900 A,
relative to 391k A,
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Fig. 18, Distribution function oi spectral.inten-
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intensity ratio produced by a given pulse is smaller
than some input value 18 the form of diatribution
function required by the falsa-alarm analysis (Vol-
une IV, to be issued),
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